is paper studies the antidiabetic effects of soluble dietary fiber (SDF) from steam explosion-modified black soybean hull in lowdose streptozotocin-(STZ-) induced type 2 diabetic mouses. Male C57/BL6 mouses were divided into 4 groups: control (nondiabetic, no SDF intake), model (diabetes only), metformin (metformin: 100 mg/kg body weight), and SDF (SDF: 600 mg/kg body weight). Four weeks post-SDF treatment, treatment of SDF decreased the weight gain of diabetic mouses, normalised the blood glucose level, and reduced the serum cholesterol, serum insulin, leptin, glucagon-like peptide, total cholesterol, triglyceride, low-density lipoprotein cholesterol, arteriosclerosis index, aspartate aminotransferase activity, and malondialdehyde. It also increased high-density lipoprotein cholesterol, adiponectin, glycopeptide peroxidase, superoxide dismutase activity and repaired the pancreatic injury of the diabetic mouses. Our research results show that SDF has the potential for use in type 2 diabetes treatment.
Introduction
Diabetes is one of the most common endocrine diseases triggered by insulin secretion deficiency or insulin disorders. Research suggests that by 2030, 552 million people will suffer from diabetes. Each year, diabetes causes more than 2.9 million deaths; this will continue to rise over the next 30 years [1, 2] . Diabetes, especially type 2 diabetes, combined with its complications, such as hyperlipidemia, hypertension, atherosclerosis, and obesity, is a metabolic syndrome and is closely related to human health status [3] . According to surveys, sulphonylurea and biguanide medicines are currently commonly used to regulate blood glucose level to alleviate the symptoms of type 2 diabetes; however, their use is associated with severe side effects, including nausea, vomiting, loss of appetite, abdominal pain, diarrhea, and allergy [4] . erefore, the identification of natural hypoglycemic components that not only delay the rapid rise of postprandial blood glucose but also reduce the intestinal absorption of sugar from food is required [5] .
SDF can reduce blood glucose, blood lipid, blood pressure, and atherosclerosis. Studies have shown that SDF can reduce the postprandial blood glucose, increase insulin (INS) secretion, improve food intake and body weight, and reduce plasma glucose concentration in diabetic rats; it can also reduce the concentration of cholesterol (TC), triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C) in the plasma [6] [7] [8] [9] . Previous studies have suggested that dietary fiber obtained from the consumption of fruits, grains, and beans can increase the content of liver glycogen and inhibit the rise of postprandial blood glucose, as well as increase the activity of superoxide dismutase (SOD) in the serum and liver, reduce the content of malondialdehyde (MDA), and reduce the activity of lactic dehydrogenase (LDH) in the serum and liver so as to effectively protect the heart and liver. It has an excellent blood glucose reduction effect [6, 9] .
Due to variations in the components and solubility, dietary fiber from different sources has different fermentation degrees in the large intestine of diabetic rats, resulting in different metabolic effects and thus varying degrees of alleviation of the hyperglycemia symptoms in diabetic rats [7, 9] . Studies have found that different types of dietary fiber have different effects on this metabolic syndrome. Soluble guar gum fiber has been found to normalise body weight, blood glucose levels, INS secretion, and TC levels in obese C57/BL6 mouses [8, 10] . Black soybean hull is a by-product of black soybean processing that contains abundant SDF. According to the preliminary studies of this experiment, steam explosion-(SE; moisture content of material: 15%, 1.0 MPa, 80 s) modified black soybean hull showed an increased concentration of SDF (increased from 10.02% (unmodified) to 17.49%) and enhanced physical and chemical properties, such as water retention capacity, expansive force, and oil retention capacity. Studies using in vitro hyperglycemia models showed that SDF in SE-modified black soybean hull could effectively improve the inhibitory effect on α-glucosidase and α-amylase activities. Studies recently reported that pectin and xylan polysaccharides reduce glucose intake, fasting blood glucose, and postprandial glucose after a carbohydrate-rich meal through various mechanisms, such as β-cell protection, inhibition of activities of glucose metabolism-related enzymes, or regulation of insulin-related pathways. Guar gum has been reported to lower body weight and TC in obese mice, compared to oat insoluble DF (IDF) [10, 11] . However, there are currently no reports on the role of SDF in the SEmodified black soybean hull alleviation of hyperglycemia and other symptoms in type 2 diabetic mouses. In the present study, we investigated the effects of SDF from steam explosion-modified black soybean hull on body weight, food intake, serum biochemical indices, serum lipids, and histopathological analysis in type 2 diabetic mouses using an experimental mouse model of low-dose streptozotocin-(STZ-) induced diabetes. Our collective findings clearly support the therapeutic potential of SDF from black soybean hull on type 2 diabetes.
Materials and Methods

Materials.
Black soybean hulls (Anxuan no. 1) were purchased from Bozhou Runbang Food Sales Co., Ltd. (Anhui, China). Neutral protease, high temperature-resistant α-amylase, glucosidase, and metformin were purchased from Sigma (St. Louis, MO, USA). All other chemical reagents used in this study were of analytical grade.
Preparation of SDF.
Black soybean hulls with a moisture content of 15% were added to a SE cylinder, with a pressure of 1.0 MPa and a time of 80 s to obtain the SE samples. Next, 1.0 g of degreased and SE-modified black soybean hulls was weighed, and distilled water was added at a solid-liquid ratio of 1 : 30 (g/mL) to regulate the pH to 6.0. Subsequently, 100 μL of high temperate-resistant α-amylase was added to the solution. e resulting mixture was maintained at a temperature of 95-100°C and allowed to react for 20 min. e pH was then increased to 7.0 by adding 100 μL of neutral protease solution, and the mixture was allowed to react at 60°C for 30 min. Finally, the pH was decreased to 4.5 by adding 100 μL of amyloglucosidase, and the mixture was allowed to react at 60°C for 30 min. e solution was filtered and concentrated, and then, 95% ethyl alcohol was added to increase the volume by fourfold and allowed to settle for 10 h. e solution was centrifuged at 3200 r/min for 30 min and freeze-dried at − 108°C for 8 h to obtain SDF.
Animal Experiments.
Seven-week-old male C57/BL6 mouses were purchased from Liaoning Changsheng Biotechnology Co., Ltd. (Shenyang, China). e mouses were adaptively bred at a constant temperature (22 ± 2°C) and a relative humidity of (55 ± 10%), with day and night alternating every 12 hours for two weeks, during which the mouses were provided with access to food and water. e breeding and handling of the animals were carried out in accordance with the regulations of the Chinese society of experimental animals (CALAS).
Experimental Design.
e mouses were randomly divided into nondiabetic (Group 1) and induced diabetic groups. e nondiabetic group (n � 7) was intraperitoneally injected with 3 mL/kg of citric acid buffer solution (0.1 mol/ L, pH 4.4). e diabetic group was intraperitoneally injected with low-dose 0.1 mol/L of STZ (40 mg/kg, dissolved in 0.1 M, pH 4.4 phosphate buffer solution) [6, 11] . After one week of continuous injections, blood samples were obtained via the tail veins. e fasting blood glucose (FBG) of the mouses was measured using a Roche glucometer (active blood glucose test paper; Roche Diagnostics, Shanghai, China). An FBG concentration >11.11 mmol/L indicated the successful establishment of the type 2 diabetes model. Next, the mouses were randomly divided into 3 groups (n � 7): diabetes model group (Group 2, normal saline: 0.2 mL), metformin group (Group 3, metformin: 100 mg/kg 0.2 mL), and SDF group (Group 4, SDF: 600 mg/kg 0.2 mL). According to the pharmacology experimental method, the conversion formula of dose for mouse was based on body weight dose concentration: mouse dose (mg/kg) � human dose (mg/kg) × conversion constant. An adult male weighs 70 kg and consumes 10 g of SDF daily. e daily intake of SDF converted to 1 kg of adult body weight is about 0.14 g. Since the conversion constant of the mouse is 9.1, the daily intake of SDF of 1 kg mouse is about 1.27 g. e preliminary experiment divided the SDF gavage dose into high dose (1200 mg/kg), medium dose (900 mg/kg), and low dose (600 mg/kg). e results showed that when the SDF dose was 600 mg/kg, the physiological status and blood glucose of the mice were the best. erefore, the dose was chosen to be 600 mg/kg [6, 11] . e experiments were conducted over 4 weeks, during which the mouses had access to food and water. All the gavage reagents were dissolved in normal saline. e feed was obtained from Liaoning Changsheng Biotechnology Co., Ltd. At the end of the 4-week experimental period, 2
Journal of Chemistry blood samples were obtained from the eyes. e blood samples were collected in 1.5 mL centrifuge tubes and centrifuged at 12000 r/min for 10 min. e resulting serum was stored at − 20°C. e pancreas was sectioned into slices and placed in formalin buffer solution for histological observation.
Analysis of Serum Indices.
Commercial kits were used to measure the concentration of insulin (INS), leptin (LEP), adiponectin (ADPN), glucagon-like peptide-1 (GLP-1), malondialdehyde (MDA), total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C), as well as the activity of glutamic oxalacetic transaminase (AST), glutathione peroxidase (GSH-PX), and superoxide dismutase (SOD) (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Calculation of Ambulatory Arterial Stiffness Index (AI).
e arterial stiffness index (AI) is calculated as follows:
Histopathological
Observations. e pancreases of the mouses were collected, immersed in 10% formalin solution, dehydrated via alcohol gradient, wrapped with paraffin, and cut into 4 μm sections. e samples were then stained with haematoxylin and eosin (HE) to obtain HE-stained samples. e morphological structure of the pancreases was then observed under a microscope.
Data Analysis.
Each experiment was repeated in triplicate, and the experimental data obtained were expressed as the mean ± standard deviation (SD). Statistical analysis was conducted using Microsoft Excel (2003), where p < 0.05 was used as the standard for significance.
Results and Discussion
Effect of SDF on Food and Water Intake and Body
Weight in Nondiabetic and Diabetic Mouses. Figure 1 shows the effects of SDF on food intake, water intake, and body weight of nondiabetic and diabetic mouses. Figure 1 (a) shows that 4 weeks after drug administration, the food intake in the diabetic model group increased by 29.38% (p ≤ 0.05) compared to the nondiabetic group. Compared to the diabetic model group, the food intake of the metformin and SDF groups decreased by 26.58% and 25.29% (p ≤ 0.05), respectively, and there was no significant difference between the food intake of the SDF and metformin groups. Figure 1 (b) shows that 4 weeks after drug administration, the water intake in the diabetic model group increased by 82.85% (p ≤ 0.05) compared to the nondiabetic group.
Compared to the diabetic model group, the water intake of the metformin and SDF groups decreased by 19.31% and 17.02% (p ≤ 0.05), respectively, and there was no significant difference between the water intake of the SDF and metformin groups. According to Figure 1 (c), 4 weeks after drug administration, the body weight decreased by 36.73% (p ≤ 0.05) in the diabetic model group compared to the nondiabetic group. Compared to the diabetic model group, the body weight of the metformin and SDF groups increased by 41.81% and 30.93% (p ≤ 0.05), respectively. roughout the experiment, the mouses in the nondiabetic group showed normal behavior including dieting, drinking, and physiological activity. After repeated intraperitoneal injections of low-dose STZ, the diabetic mouses gradually developed polydipsia, polyurination, polyphagia, and emaciation symptoms, with dull hair color, listlessness, slow reactions, and slow movements [12] . ese symptoms did not improve in the diabetic model group over the course of the experiment but were significantly alleviated in the drug-induced diabetic group, where the mouses showed improved physiological activity. e diabetic mouses showed INS resistance and decreased blood glucose control ability, possibly due to the low efficiency of food conversion, which resulted in an increased food intake but a decreased body weight [11, 13] . Previous studies have suggested that metformin drugs and SDF can effectively improve food intake, water intake, and body weight of diabetic mouses, which is consistent with the results of this experiment [11, 14] .
ese findings indicate that SDF can effectively alleviate the symptoms of polydipsia, polyurination, polyphagia, and weight loss caused by glucose metabolism disorders in the diabetic mouse model.
Effects of SDF on Blood Glucose Level in Nondiabetic and
Diabetic Mouses. As shown in Figure 2 , at week 0, there was a significant difference between the FBG values of the nondiabetic group and the diabetic group induced by lowdose STZ, However, there was no significant difference between the FBG values of the diabetic groups. During weeks 1-4, compared to the diabetic model group, the FBG levels of the diabetic groups treated with metformin and SDF decreased significantly (p ≤ 0.05), with no significant difference between the metformin and SDF groups.
Long-term hyperglycemia causes severe damage to the structure and function of pancreatic β cells, reduces the number of glucose transporter 2 (GLUT-2) on the cell membrane, and reduces the synthesis and release of INS; it also hinders the glucose metabolism in cells, such that the number of abnormally apoptotic pancreatic β cells increases significantly. Cereal extracts rich in β-glucan may reduce the FBG in STZ-induced diabetic mouses [15] . Low-dose STZinduced diabetes damages pancreatic β cells to a certain degree. During weeks 1-4, the FBG levels of the metformin and SDF diabetic mouses decreased gradually. e secretion of INS by residual β cells was stimulated [16] , which improved the sensitivity of peripheral tissues to INS and considerably enhanced the glucose tolerance of diabetic mouses, as well as reduced the demand for INS, contributing to the synthesis of glycogen, thus lowering the blood glucose levels [16] [17] [18] .
Effects of SDF on INS, LEP, ADPN, and GLP-1 Concentration in Nondiabetic and Diabetic Mouses. INS is secreted by pancreatic β cells via the hydrolysis of several enzymes.
e determination of INS concentration is important in the study of type 2 diabetes [19] . Figure 3 (a) shows that 4 weeks after drug administration, the serum INS concentration in the diabetic model group increased by 71.28% (p ≤ 0.05) compared to the nondiabetic group. Compared to the diabetic model group, the serum INS concentration of the metformin and SDF groups decreased by 29.52% (p ≤ 0.05) and 11.10%, respectively, and there was no significant difference between the serum INS concentration of the SDF and metformin groups. According to the results, diabetic mouses with low serum INS levels were more sensitive to INS, while those with high serum INS levels were less sensitive to INS [20] . Cereals rich in dietary fiber and pericarps can effectively improve the INS levels of diabetic rats to regulate the INS sensitivity [21] . is indicates that SDF can effectively improve the sensitivity of diabetic mouses to INS and alleviate hyperglycemia in type 2 diabetes, which is consistent with the results of the abovementioned studies.
LEP is an intracellular protein hormone secreted by adipose tissues. INS can promote the secretion of LEP, which controls the synthesis and secretion of INS via negative feedback [22] . Increased LEP concentration leads to LEP resistance, and the LEP levels in the plasma are usually positively correlated with body weight, especially with regard to changes in adipose tissue. LEP resistance directly results from increased LEP levels in the cycle [22] . As seen in Figure 3 (b), 4 weeks after drug administration, the serum LEP concentration in the diabetic model group increased by 5.05 ng/mL (p ≤ 0.05) compared to the nondiabetic group. Compared to the diabetic model group, the serum LEP concentration in the metformin and SDF groups decreased by 4.36 ng/mL (p ≤ 0.05) and 3.87 ng/mL (p ≤ 0.05), respectively; however, there was no significant difference in serum LEP concentration between the SDF and metformin groups. LEP resistance occurs when LEP is either oversecreted or undersecreted, leading to a common metabolic syndrome in mouses [23] .
ADPN is an endogenous bioactive polypeptide or protein secreted by adipose cells and an INS-sensitizing hormone that can alleviate INS resistance and atherosclerosis in rats. ADPN level can be used to predict the development of type 2 diabetes and coronary heart disease, which has the potential to alleviate the symptoms of diabetes, atherosclerosis, and inflammation in clinical trials [24] . As seen in Figure 3 (c), 4 weeks after drug administration, the serum ADPN concentration of the diabetic model group decreased by 1.18 mg/L (p ≤ 0.05) compared to the nondiabetic group; the serum ADPN concentrations of the metformin and SDF groups increased by 1.08 mg/L (p ≤ 0.05) and 0.75 mg/L (p ≤ 0.05), respectively, compared to the diabetic model group; however, significant difference in serum ADPN concentrations between SDF and metformin groups was observed. Additionally, there was a significant difference in the serum ADPN concentrations between the SDF, nondiabetic, and diabetic groups (p ≤ 0.05). Clinical studies have shown that patients with diabetes who consume cereal fiber have decreased blood glucose levels and increased ADPN levels, which correlated with the findings presented here [25, 26] . ese results suggest that SDF can effectively improve the ADPN secretion levels and promote the secretion of INS in diabetic mouses, thereby improving the symptoms of diabetes.
GLP-1 is a brain-gut peptide secreted by endocrine cells in the ileum that is currently used as a therapeutic target for the treatment of type 2 diabetes. GLP-1 can act on pancreas islet β cells, stimulating the proliferation and differentiation of β cells, inhibiting the apoptosis of β cells, increasing the number of β cells, and promoting the transcription of INS genes, the synthesis, and secretion of INS [27] . According to Figure 3(d) , 4 weeks after drug administration, the serum GLP-1 concentration decreased by 12.91% (p ≤ 0.05) in the diabetic model group and increased by 2.13% (p ≤ 0.05) and 2.19% (p ≤ 0.05) in the metformin and SDF groups, respectively, compared to the diabetic model group. ere was no significant difference between the serum GLP-1 peptide concentration of the SDF and metformin groups. ese results indicate that SDF significantly increases the plasma GLP-1 concentration in mouses, thus promoting the secretion of INS and alleviating hyperglycemia in diabetic mouses [28] [29] [30] . Table 1 shows the effects of SDF on the AST, GSH-PX, SOD, and MDA levels in the serum of type 2 diabetic mouses. Compared to the nondiabetic group, the serum AST activity and MDA content in the diabetic model group increased by 273.22 U/L (p ≤ 0.05) and 4.85 nmml/mL (p ≤ 0.05), respectively, while the GSH-PX and SOD activities in the serum decreased by 4.94 U/L (p ≤ 0.05) and 51.10 U/L (p ≤ 0.05), respectively. e statistical significance indicates that the liver cells of the mouses in the diabetic model group underwent considerable damage. Compared to the diabetic model group, the GSH-PX and SOD levels in the serum of the metformin and SDF groups increased (p ≤ 0.05), while the AST and MDA levels decreased (p ≤ 0.05). e statistical significance indicates that SDF reduces the degree of liver injury in type 2 diabetic mouses. e liver is an important metabolic organ, where oxidative stress results in several chronic diseases [31] . Oxidative stress is caused by an imbalance between the oxidation and antioxidant levels in the body, triggered by free radicals related to the occurrence and development of diabetes in the body [31, 32] . In the scavenging process of reactive oxide species, SOD enzymes restore superoxide anions into hydrogen peroxide (H 2 O 2 ), and GSH-PX restores H 2 O 2 into H 2 O. MDA is produced in the process of lipid peroxidation, mainly from the oxidative decomposition of unsaturated fatty acids [32] . erefore, changes in SOD, GSH-PX, and MDA levels are important indicators for the measurement of the antioxidant system. AST is an indicator of clinical liver function, used to determine whether the liver is damaged. Studies have shown that the intake of foods that ease oxidative stress or improve antioxidation function is an effective way to alleviate type 2 diabetes [33] . e pectin polysaccharide component of SDF has been found to scavenge oxidative free radicals in vitro [34] . Dietary fiber plays an important role in alleviating type 2 diabetes by improving the antioxidant defense system of the liver and reducing lipid peroxidation [35] . After the administration of metformin and SDF in diabetic mouses, the AST activity and MDA content decreased, while GSH-PX and SOD activities increased, suggesting that metformin and SDF reduce the degree of liver injury in type 2 diabetic mouses. ese results are consistent with the aforementioned studies.
Effects of SDF on AST, GSH-PX, and SOD Activities and MDA Content in Nondiabetic and Diabetic Mouses.
Effects of SDF on Serum Lipid Concentration and AI in
Nondiabetic and Diabetic Mouses. Table 2 shows the effects of SDF on the TC, TG, LDL-C, HDL-C, and AI levels in the serum of nondiabetic and diabetic mouses. Compared to the nondiabetic group, the concentration of TC, TG, and LDL-C in the serum of the diabetic model group increased by 13.48 mg/mL (p ≤ 0.05), 0.83 mmol/L (p ≤ 0.05), and 2.63 mg/mL (p ≤ 0.05), respectively. e concentration of HDL-C decreased by 22.96 mg/mL (p ≤ 0.05) and AI increased by 2.06 (p ≤ 0.05). Compared to the diabetic model group, after the administration of metformin and SDF in nondiabetic mouses, the concentration of TC in the serum decreased by 32.47% (p ≤ 0.05) and 23.23% (p ≤ 0.05), respectively; TG decreased by 0.89% (p ≤ 0.05) and 1.15%, respectively; LDL-C decreased by 28.00% (p ≤ 0.05) and 16 .00% (p ≤ 0.05), respectively; HDL-C increased by 3.48fold (p ≤ 0.05) and 2.04-fold (p ≤ 0.05), respectively; and AI decreased by 0.87-fold (p ≤ 0.05) and 0.71-fold (p ≤ 0.05), respectively. Type 2 diabetes induced by high-sugar and high-fat diets and low-dose STZ is generally accompanied by dyslipidemia [11] . HDL-C is known as "good" cholesterol. It is an endogenous cholesterol ester involved in reversal transport, which transports cholesterol from the blood to the liver, thereby reducing the risk of coronary heart disease [36] . AI is closely related to atherosclerosis, a warning sign of cardiovascular disease. Normally, an AI level <4 indicates that the degree of atherosclerosis is not serious or is decreasing. e smaller the AI value, the less severe the degree of atherosclerosis and the lower the risk of atherosclerosis [37] . As seen in Table 2 , metformin and SDF resulted in reduced TC, TG, LDL-C, and AI levels in the serum of diabetic mouses. SDF effectively reduces the concentration of TC, TG, LDL-C, and AI in the plasma of type 2 diabetic mouses, thus reducing the accumulation of fat in the liver [11] .
Obesity was induced in Wistar mouses by high-sugar and high-fat diet. After the intake of dietary fiber from sweet potatoes, the concentration of TC, TG, and LDL-C in the plasma was found to decrease; however, there was no significant difference in the concentration of HDL-C [38] .
ese results are consistent with those of the abovementioned studies.
Pathological Observation and Analysis of Pancreatic
Tissues.
e pancreatic pathological sections in Figure 4 show the effect of SDF on the pancreases of the nondiabetic and diabetic mouses. e pancreas islets of the nondiabetic mouses were oval or nearly round, with a large area, a complete structure, a regular distribution of β cells with a uniform size and complete arrangement, abundant secretory particles of INS in the cytoplasm, deep staining, no degeneration, and clear islet and β cell boundaries. On the other hand, in the diabetic model group, the pancreas was severely atrophic, the islet area was severely shrunk, and the β cells were severely degenerated, with an uneven distribution, loose arrangement, and irregular and fuzzy boundaries. In both the metformin and SDF groups, the pancreases of the diabetic mouses were significantly improved; the islet area was significantly increased, the number of β cells increased significantly, the secretory granules of the INS in the cytoplasm increased, and the cell boundaries were clear.
During the induction of the type 2 diabetic model, multiple intraperitoneal injections of low-dose STZ selectively degrade islet β cells, causing severe atrophy, reducing the secretion of INS, and eventually increasing the blood glucose, leading to type 2 diabetes. After the intake of SDF, the islet area and the number of β cells in diabetic mouses were found to increase, showing varying degrees of repair on the pancreas islet and β cells. Ma and Mu suggested that SDF significantly repairs pancreas islet and β cells, thus improving the secretion of INS and glycogen synthesis and relieving the symptoms of diabetes [11] . e results presented here are consistent with those of the abovementioned studies.
Conclusions
e intragastric administration of SDF in type 2 diabetic mouses was found to effectively regulate the physiological indexes of food intake, water intake, body weight, and blood glucose levels, as well as promote the secretion of INS, increase the sensitivity to INS, enhance the antioxidant enzyme capacity and lipid metabolism of the liver, and repair pancreatic injury in diabetic mouses to effectively inhibit erefore, SDF can be used as an effective supplementary reagent during the prevention and treatment of type 2 diabetes. However, due to the complex components of SDF, the prevention and the treatment of type 2 diabetes do not share the same mechanism. Consequently, studies on the proteomic differences between samples from the pancreas, liver, kidney, spleen, and other organs are needed to determine the underlying mechanism by which SDF alleviates diabetic hyperglycemia.
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